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Abstract
Purpose of Review Commonly categorized as a rare disease, alpha-1 antitrypsin deficiency (AATD) is neither rare, when
compared to many other genetic disorders, nor an actual disease, but rather a predisposition toward a wide variety of diseases.
It is one of the most common genetic disorders which can lead to a spectrum of clinical manifestations, ranging from no
symptoms to progressively debilitating systemic disease, most commonly affecting the lung and liver. It is therefore imperative
for clinicians to recognize and be familiar with the spectrum of presentations, methods of diagnosis, and clinical management of
AATD. It is also imperative for scientists to recognize the potential for progress in the management of this disorder.
Recent Findings This review focuses on the current state of knowledge of AATD, including the wide range of presentations,
diagnosis, and clinical management. In addition to the clinical implications of severe AATD, we discuss the relevance of
heterozygous state with mild or moderate AATD in the development of both lung and liver disease. While our understanding
of the multiple roles of alpha-1 antitrypsin (AAT) is on the rise, with appreciation of its immunomodulatory, anti-infective, and
anti-inflammatory properties, this knowledge has yet to impact our ability to predict outcomes. We discuss nuances of augmen-
tation therapy and review novel therapeutic approaches currently under investigation.
Summary With the expanding knowledge about the complexities of AAT function and its clinical relevance, and with the
increasing ability to diagnose early and intervene on AATD, it should be our goal to change the perception of AATD as a
correctable inherited disorder rather than a fatal disease.

Keywords Alpha-1 antitrypsin deficiency . Augmentation therapy . Emphysema . SERPINA1 . Protease inhibitor . Chronic
obstructive pulmonary disease . PiZZ

Introduction

Alpha-1 antitrypsin deficiency (AATD) is a hereditary genetic
disorder that can lead to lung and liver disease due to de-
creased circulating levels of alpha-1 antitrypsin (AAT) and
accumulation of AAT within the liver, respectively. Since its
identification in the 1960s by Laurell and Eriksson [1], there
have been many advances in the diagnosis and medical man-
agement of AATD. Despite a heightened awareness of this
clinical entity, it still remains an infrequently diagnosed dis-
order. Its clinical presentation is highly variable and often

mimics other more common diseases making it difficult to
diagnose. However, its prompt diagnosis is imperative to the
initiation of disease-modifying therapy, if indicated.

Genetics of Alpha-1 Antitrypsin Deficiency

AATD is one of the most common genetic disorders caused
by a mutation in the SERPINA1 gene located in the long arm
of chromosome 14 [2]. While the most common M allele
predisposes for normal production, function, and levels of
the AAT protein, more than 150 mutations within this gene
have been identified [2]. The most prevalent deficiency alleles
include the Z and S alleles, both arising from single amino
acid substitutions. These alleles are associated with produc-
tion of altered protein which consequently leads to suboptimal
systemic levels or function of AAT. Homozygosity for the Z
allele, Pi*ZZ, is the most frequent genotype leading to severe
AAT deficiency which results from abnormal protein
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misfolding and accumulation within hepatocytes and subse-
quent impedance of AAT secretion into the circulation.
Aggregation of abnormal protein within the liver may lead to
inflammation, cellular stress, and as a consequence, cirrhosis.
Decreased levels of AAT lead to increased risk for emphysema.

Understanding that AATD is a consequence of multiple
identified abnormal alleles, we can classify the abnormal phe-
notypes as (1) AAT deficient, (2) AAT dysfunctional (AAT
has decreased or no ability to block neutrophil elastase or has
altered function such as PiPittsburgh where AAT becomes a
potent inhibitor of thrombin and factor XI which can result in
a bleeding disorder), or (3) AAT absent (no production of
AAT, so called null variants) [2, 3]. In terms of the impact
that abnormal gene presence has on the development of liver
disease, some alleles lead to significant protein polymerization
and accumulation which leads to liver damage (i.e., Z,
Mmalton, Siiyama), while most others have a low or no risk
of development of liver disease (i.e., S, I, and others) [4].

As AATD is characterized by an autosomal co-dominant
inheritance pattern, a presenting phenotype, reflected by total
AAT level and function, results from cumulative transcription
of both inherited alleles. The presence of one abnormal gene
will affect the total production of AAT at varying degrees,
depending on the type of allele present. Thus, presence of
one Z allele in an individual with a normal M allele will
roughly result in 60% of blood AAT levels, and presence of
a “null” allele in combination with a normal M allele will lead
to roughly 50% of normally anticipated AAT levels [5].While
heterozygosity is not traditionally considered to increase risk
of disease development, recent studies point out that both liver
and lung disease may be more prevalent in this population
than previously appreciated, especially in the presence of oth-
er risk factors [6••, 7•]. As such, one of the priorities of AAT
research in coming years will be to better understand and
possibly treat heterozygous individuals with mild or moderate
AAT deficiency.

Alpha-1 Antitrypsin Levels

Although AAT is expressed in multiple cell types such as
mononuclear phagocytes and neutrophils [8], the majority of
systemically measured AAT in the blood is produced by he-
patocytes. Although the liver is the major of AAT, other or-
gans, such as the lung, may contribute to the balance between
proteases and anti-proteases through the local production of
AAT, but this contribution is considered to be of limited over-
all significance as AAT mostly reaches the lung by diffusion
from the circulation. The normal range of AAT in the serum is
20 to 53 μM; concentration of AAT within the epithelial lin-
ing fluid of the lower respiratory tract is suggested to be about
10% of plasma levels [9].

Quantitative measurements of AAT are obtained using
rocket immunoelectrophoresis, radial immunodiffusion or
nephelometry, with the protective threshold cutoff set at 80
mg/dL for radial immunodiffusion and 11 umol/L or 50 mg/
dL for nephelometry [10, 11]. Since radial immunodiffusion
overestimates the actual concentrations, most centers today
use nephelometry with normal values ranging between 80
and 220 mg/dL. The conversion between nephelometry-
measured milligrams per deciliter and micromolar values re-
quires division of the measured value by a factor of 5.2 [12].

Historically, levels > 11μMare considered to be protective
of lung damage. This threshold value was derived from me-
dian levels detected in PiSZ individuals who are considered to
demonstrate moderate AATD with levels thought to be suffi-
cient to protect the lungs from emphysema progression [13].

Measurement of AAT levels is relevant, yet some caution
in interpretation is required. As an acute-phase reactant, plas-
ma AAT levels increase rapidly [14••, 15, 16, 17] in response
to inflammation or infection. The expected normal activity of
AAT is not only dependent on the appropriate absolute in-
crease in concentration of ATT, but also on the adequate
maintenance of protease-antiprotease balance in normal and
diseased states. Published evidence suggests that about 25%
of individuals with the Pi*MZ phenotype demonstrate signs
of inflammation at the time of AAT level measurement; if
AAT level alone were to be used as diagnostic testing for
AATD, then these patients could be potentially misclassified
as “normal” [18]. Therefore, measurement of AAT alone for
the diagnosis of AATD may be suboptimal for several rea-
sons: baseline AAT levels vary between people, especially in
cases of heterozygosity; serum AAT levels have been used as
a surrogate to estimate the risks for the development of lung
disease but not for liver disease; and AAT levels do not reflect
total cumulative risk for development of lung or liver disease
as other risk factors that may impact disease development,
even with less than severely reduced levels, are not taken into
consideration when risk stratification is made based on AAT
levels only.

Alpha-1 Antitrypsin Function

Alpha-1 antitrypsin (also: Protease Inhibitor 1, or PI1) is a
protein with many known functions. It is a member of the
SERPIN family of proteases, a family of proteins that have a
conserved mechanism of conformational change to inhibit
various target enzymes [19]. Largely synthesized within he-
patocytes and excreted into circulation by the liver, one of its
main functions is to protect the lung from potential damage
caused by the unbalanced effect of enzyme neutrophil elastase
(ELANE). In the presence of severe AAT deficiency, proteo-
lytic effects of ELANE can lead to the development of em-
physema due to an imbalance between the concentration of
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proteases and antiproteases [20]. In addition to ELANE, AAT
inhibits cathepsin and proteinase 3 while recent studies high-
light its activity on other classes of proteases, such as
metalloproteases and cysteine-aspartic proteases, suggesting
a wider role than simply targeting one specific protease [14].

AAT is now known to possess immunomodulatory, anti-
infective, and anti-inflammatory properties. As an acute-phase
reactant, the levels of AAT can increase significantly in re-
sponse to inflammation or infection [18]. Tissue AAT levels
may also increase as a result of local synthesis by inflamma-
tory cells, monocytes, and alveolar macrophages in response
to inflammatory cytokines. AAT plays an important role in
modulating immunity, inflammation, proteostasis, apoptosis,
and possibly cellular senescence programs [21]. AAT may be
able to inhibit LPS-induced cytokine production (TNF-a and
IL-1b), while enhancing the production of IL-10 from mono-
cyte models [22]. AAT can downregulate other proinflamma-
tory cytokines such as IL-6, IL-8, or IL-1β, while promoting
anti-inflammatory mediators such as IL-10, IL-1βRa, or
TGF-β [23]. It can also inhibit the production of matrix
metalloproteinase-12 and can regulate the expression of
CD14 and the associated signal transducer Toll-like receptor
4, which can downregulate proinflammatory signals [24]. It
interacts with adaptive immunity affecting the proliferation of
Th1, Th2, and Th17 cells while enhancing the production of
T-regulatory cells [24]. AAT can also directly control antigen
presentation, by preventing the maturation of dendritic cells
[24], and has demonstrated to reduce cell death and apoptosis,
specifically that induced by caspase-3 [25]. These multiple
functions of AAT are plausible due to its conformational poly-
morphism which can lead to modification of its physical,
structural, biochemical, and functional properties after
interacting with other molecules participating in inflammatory
responses [22].

On a clinical level, data indicate its possible therapeutic
role in the management of graft versus host disease [26], acute
myocardial infarction, where it has been shown to decrease
myocardial leukocyte infiltration [27], diabetes, where it re-
duces beta-cell injury [28], inflammatory bowel disease [29],
arthritis [30]. It may be able to reduce renal ischemia-
reperfusion injury by reducing TNF-alpha expression [31].
While the wide spectrum of functions of AAT and its role in
the pathogenesis of multiple clinical disorders is becoming
apparent with ongoing translational research, the overall sig-
nificance of functions and therapeutic potential of AAT are
still largely unknown.

AATD Is Not So Rare

AATD is one of the most common inherited disorders among
those of European ancestry [32]. The Pi*ZZ genotype has the
highest prevalence in coastal communities of Europe, with a

prevalence as high as 1:1500–1:2000 [33]. It has been estimat-
ed that around 100,000 individuals in the USA have severe
AAT deficiency [34]. While the prevalence of AAT deficien-
cy varies between geographical regions, it is estimated that
more than 3 million people worldwide may suffer from severe
AAT deficiency [35]. More interestingly, when the focus on
severe disease is shifted to all degrees of AAT deficiency, it is
estimated that more than 100 million worldwide suffer from
this disorder [35].

One of the major problems related to the management of
AAT deficiency is the “iceberg phenomenon” which charac-
terizes the relationship between the relatively small percentage
of diagnosed individuals among all deficient individuals.
Affected patients often go undiagnosed or misdiagnosed for
many years and are evaluated by multiple practitioners before
the correct diagnosis is made. Improving the diagnostic ap-
proach to AAT may not only lead to better outcomes but may
also offer a better understanding about the natural course and
interaction with environmental factors of an AAT-deficient
individual. Increased awareness of the true prevalence of
AATD also helps researchers and pharmaceutical companies
increase efforts to produce novel therapies.

AAT Is Not Necessarily a Disease

While not a rare disorder, AAT deficiency is not a disease per
se, but rather a predisposition to a wide spectrum of diseases.
Who will develop disease is not easily predictable as AATD
symptoms and manifestations are likely a result of genetic,
epigenetic, and environmental factors. Individual rates of lung
function decline in AATD differ from person to person, and
an individualized approach is recommended [36]. Smoking is
a key risk factor for the development of lung disease in
patients with AATD. Disease progression and survival are
both significantly worse in smokers than never-smokers
[11]. Importantly, even among those with severe deficiency,
many can also reach a normal life expectancy without any
clinical manifestations of either lung or liver disease [37].
Earlier studies looking into the natural course of lung and
liver disease among AATD-deficient individuals showing
high morbidity and mortality are, to certain degree, affected
by selection bias; many studied individuals were identified
because of advanced liver and lung disease, which may have
selected for sicker patients. More recent studies evaluating
mortality among AATD-affected individuals paint a slightly
different picture indicating that never-smoking Pi*ZZ indi-
viduals identified through screening efforts can have better
outcomes, possibly due to conscious avoidance of risk fac-
tors [37]. With increasing access to commercial genome
sequencing, the number of individuals diagnosed with
AAT deficiency will continue to increase and many of those
will have no evidence of apparent disease [38]. This could,
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with life-style modifications and appropriate early interven-
tions, allow us to change the common perception of an
individual with this genetic disorder as chronically sick
and disabled, to a picture of a healthy person with AATD.
Unfortunately, the ability to predict clinical course and iden-
tify those at higher risk for poorer outcomes among AATD
individuals, even with adequate risk management, still re-
mains inadequate.

When AATD Is a Disease: Morbidity
and Mortality in Alpha-1 Antitrypsin
Deficiency

Currently, AATD is considered to be one of the most common
fatal genetic disorders among adults; respiratory failure ac-
counts for as much as 39% of deaths in never-smoking
AATD patients [39]. In ever-smokers, respiratory failure can
account for up to 60% of deaths [40]. Among patients with
severe AATD, severe airflow obstruction, defined as FEV1 <
35% predicted, is associated with increased mortality [41].
Besides the classic presentation of lower lobe predominant
emphysema, a patient with lung disease frequently presents
with any of the common COPD phenotypes characterized by
different patterns of emphysema, chronic bronchitis, or bron-
chiectasis. It can also present as asthma, vasculitis (granulo-
matosis with polyangiitis, GPA), or lung cancer. Other dis-
eases related to AAT deficiency are liver fibrosis, cirrhosis,
hepatocellular carcinoma, necrotizing panniculitis, urticaria,
angioedema, psoriasis [11], connective tissue diseases such
as GPA [42] glomerulonephritis [43], inflammatory bowel
disease [44], and fertility abnormalities [45].

Liver disease, including hepatocellular carcinoma, cirrho-
sis, and neonatal jaundice, is the second most frequent clinical
manifestation and the second leading cause of death among
those with AATD [37]. About 10% of adults affected by
AATD develop cirrhosis, and out of those affected, about
14% require liver transplantation [46]. It is unknown why
some patients with AATD develop clinically significant liver
disease while others do not. The bimodal distribution of liver
disease adds a further layer of complexity. A significant por-
tion of patients receiving liver transplant for AAT deficiency
were actually heterozygous for the mutation (mostly Pi*MZ),
but found to have another “second hit,” such as alcohol con-
sumption or hepatitis, that could have caused or contributed to
more rapid progression to end-stage liver disease [47].

In addition to commonly affected organ systems, AATD
can undoubtedly be a progressively debilitating disease that
can result in depression, anxiety, disability, and healthcare
utilization [48]. In contrast to a classic, smoking-related
COPD, where patients tend to manifest in the later stages of
life, patients affected by AATD present as early as in between
the third and fourth decade of life with symptoms that can

drastically affect quality of life. Analysis of Medicare data
from 2011 to 2013 demonstrated that 40.1% of AATD
patients received disability benefits as compared to only
20.3% of patients with COPD [49], highlighting the signifi-
cant disability experienced by AATD-affected individuals.

Diagnosis of Alpha-1 Antitrypsin Deficiency

Since the symptoms of AATD range from negligible to very
severe, similar to common chronic diseases such as COPD,
asthma, and even cirrhosis, it is difficult to establish a diagno-
sis of AATD based on symptoms alone. Cough, dyspnea,
wheezing, reduced exercise tolerance, or muscle tissue loss
are the most common presenting symptoms, but at the same
time, some of the least-specific symptomswhen presented to a
physician. Such lack of specificity and insidious onset make
this entity even harder to diagnose. As a result, there is often a
delay greater than 5 years from the time a patient first
presents with symptoms to the time a correct diagnosis
is confirmed [50].

There are several methods defining diagnostic workup spe-
cific to this disorder. Measuring AAT levels evaluates the
serum concentration of AAT and allows for a rough classifi-
cation into the normal predicted range, lower than normal, and
lower than the “protective threshold.” There are multiple mea-
surement techniques, with nephelometry representing the
standard of care today. However, ATT level alone can be
insufficient to identify individuals at risk for emphysema or
liver disease as levels can change in the setting of inflamma-
tion, pregnancy, and during oral contraceptive use [51].
Furthermore, the normal range of AAT level by genotype is
wide. Thus, a level within the normal range does not neces-
sarily mean a normal genotype, which highlights the need to
perform more than just AAT level testing when trying to es-
tablish a diagnosis of AATD.

Alpha-1 antitrypsin phenotyping is based on the measure-
ment of AAT protein from the blood through isoelectric fo-
cusing electrophoresis. This form of testing can help identify
most of the mutations associated with AATD based on the
pattern of migration of proteins down an electrophoretic field.
Isoelectric focusing, however, requires technical skills to in-
terpret the results as AAT phenotype is determined by visual
inspection and comparison to known patterns. AAT
genotyping is able to distinguish between specific alleles at
the DNA level. This technique is often utilized and is based on
using PCR primers to identify common deficiency variants
such as the Z and S alleles. It is simple and widely applicable;
nevertheless, it can miss rare alleles as it is limited to diagnose
only the alleles for which specific PCR primers are included in
the test. AAT gene sequencing allows for precise identifica-
tion of AAT mutations, especially rare variants, by looking at
the specific sequence of DNA nucleotides. It is the most
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accurate way to determine a specific AAT variant [52, 53].
With advancing accessibility to commercial gene testing, the
number of individuals recognized as AAT deficient is increas-
ing and additional testing methods, which bypass health care
systems, are anticipated to play a more significant role in the
diagnosis of AATD.

According to the American Thoracic Society (ATS) guide-
lines published in 2003, diagnostic testing for AATD is highly
recommended in individuals with emphysema, COPD, asth-
ma, and airflow obstruction that is not completely reversible
after administration of inhaled bronchodilators; individuals
with unexplained liver disease; asymptomatic individuals with
persistent obstruction on spirometry with identifiable risk fac-
tors (cigarette smoking, occupational exposures); and individ-
uals with necrotizing panniculitis. A lower level of evidence
was assigned to other indications for testing [11]. As such,
diagnostic testing is often pursued only in individuals who
are either symptomatic or have airflow obstruction on spirom-
etry. Unfortunately, testing is performed at a significantly low-
er rate than recommended. Recent analysis of the knowledge
and applicability of ATS/ERS recommendations on Alpha-1
testing revealed that, even in countries offering augmentation
therapy to AAT patients (which most countries still do not),
only 18–25% of physicians tested COPD patients.
Furthermore, familiarity with these guidelines is low, ranging
from poor among pulmonologists to worse among internal
medicine physicians [54].

Currently, within the USA, there are no targeted detection
or screening programs to aid in the identification of individ-
uals with AATD. Between 1972 and 1974, Sweden conducted
a national neonatal screening program which identified 127
Pi*ZZ, 2 Pi*Z-null, 54 Pi*SZ, and 1 Pi*S-null infants out of
200,000 total screened [55]. Analysis 38 years later revealed
that only 4.3% of Pi*ZZ individuals were current smokers but
had significantly worse FEV1, quality of life, as measured by
Saint-George’s Respiratory Questionnaire, and were more
symptomatic compared to never-smokers. Not only do these
findings highlight the impact life-style factors can have on
disease development, but also suggest the impact that early
screening and timely diagnosis can have on life-style modifi-
cations since the incidence of current smoking in this early
diagnosed population was lower than AAT non-deficient
Pi*MM controls [55].

Treatment of Alpha-1 Antitrypsin Deficiency

Management of AAT deficiency is complex, but it is roughly
directed toward (1) prevention of disease development, (2)
treatment of the condition which is a result of this deficiency,
and (3) management of AAT deficiency/dysfunction. Since
lung disease and, to a lesser degree, liver disease represent
the most important pathological features of AATD, we will

discuss the currently recommended and clinically investigated
approaches primarily targeting themanagement of these organ
systems.

As we increase our ability to diagnose AAT deficiency,
early implementation of preventive measures will grow in
importance (Table 1). Appropriate education, recognition of
other family members who may be at risk, modification of
environmental and habitual risks, and application of good pre-
ventive medicine is key to avoid the development of clinically
significant disease in AAT deficiency.

The mos t f requen t p resenta t ion of AATD is
COPD/emphysema. Therefore, treating AATD is, before all,
treating COPD. Its management encompasses a set of recom-
mended pharmacological and non-pharmacological interventions
[56••]. Applying these measures should be the primary approach
to newly diagnosed patients with AATD-related lung disease
(Table 2). Bronchodilator therapy represents the cornerstone of
treatment [57, 58], with inhaled corticosteroids (ICS), anti-
inflammatory medications such as roflumilast and azithromycin,
and mucolytics encompassing recommended pharmacologic ap-
proaches. Non-pharmacologic approaches include physical ac-
tivity, pulmonary rehabilitation, nutrition, and survival-
improving measures such as supplemental oxygen, as well as
smoking cessation. Non-pharmacologic interventional ap-
proaches include surgical methods that range from minor pallia-
tive procedures to lung transplantation, the latter accounting for
3.2% of all adult lung transplants and 10% of all transplants for
emphysema [59••, 60]. In addition, recent studies offer promising
data on endobronchial therapeutic approaches which include
bronchoscopic lung volume reduction (BLVR) [61, 62]. This
approach, while novel, carries a lot of promise in select patients
with advanced disease and offers the possibility of improvement
in quality of life [63].

In terms of liver disease management, early recognition and
education along with preventive measures such as hepatitis A

Table 1 Preventive measures in alpha-1 antitrypsin deficiency

Preventive measures in AATD

Genetic counseling and education

Family testing and identification of other individuals at risk

Lifestyle modifications:

Inhalational habitual risks (cigarette smoking, nicotine dependence,
other inhalational hazardous habits)

Liver risks (ethanol consumption, hepatotoxic drugs, obesity, and
dietary habits)

Environmental exposures and working hazards (choice of profession)

Preventive medicine:

Immunizations: influenza, pneumonia

Immunizations: hepatitis A, hepatitis B

Annual pulmonary and hepatology evaluation
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and B vaccinations, diet, and lifestyle modifications represent
major interventions. No specific therapies have been approved
for the prevention of cirrhosis development. In the setting of

advanced liver disease and cirrhosis, liver transplant remains a
viable and quite readily available option in the USA. In contrast
to lung transplantation, which does not resolve the problem of
low circulating AAT levels, liver transplantation offers complete
normalization of AAT levels in the blood and lung microenvi-
ronment, thus reducing the chance of further accelerated lung
function decline.

The only currently available approach to the specific man-
agement of AATD is augmentation therapy. Since the 1980s,
intravenous infusion of purified, pooled human AAT is the
only treatment available that addresses the underlying cause of
lung disease in AATD [64]. Food and Drug Administration
(FDA) approval of augmentation therapy came after Wewers
et al. demonstrated its safety, tolerability, and efficacy (im-
provement in AAT levels in serum and bronchoalveolar la-
vage fluid) at a dose of 60mg/kg/week [65]. Intravenous AAT
augmentation products available in the USA and Europe are
presented in Table 3. Whole acquisition cost (manufacturer’s
list price) for augmentation therapies available within the
USA are as follows: Prolastin-C $0.51/mg, Zemaira $0.52/
mg, Aralast NP $0.55/mg, and Glassia $0.56/mg [66]. The
typically utilized average monthly dose for an adult patient
is around 20,000 mg.

The biochemical efficacy of 60 mg/kg AAT augmentation
therapy has been well established and proven to raise serum
levels consistently above the theoretical protective threshold
of 11 μMwith a half-life of 212.7 h [65, 67]. From the clinical
perspective, AAT therapy can slow down FEV1 decline.
Nevertheless, this effect has been consistently proven only
within those individuals with moderate and severe obstruction
[68]. Pooling the data from five relevant studies which includ-
ed over 1500 subjects with AATD and exploring the effect of
augmentation therapy on FEV1 decline, the largest effect has
been seen in the population of individuals with FEV1 ranging
between 30 and 65% predicted. Augmentation therapy was
shown to slow the rate of decline of FEV1 by 23% in com-
parison with individuals not on augmentation therapy [69].
CT lung densitometry, which has been shown to correlate

Table 2 AATD obstructive lung disease management

AATD obstructive lung disease management

Pharmacologic therapies

Short-acting beta-agonist (SABA)

Short-acting muscarinic antagonists (SAMA)

Long-acting beta-agonists (LABA)

Long-acting muscarinic antagonists (LAMA)

Inhaled corticosteroids (ICS)

Oral corticosteroids (OCS)—exacerbations

Antibiotics—exacerbations

PDE4 inhibitors (roflumilast)

Azithromycin

N-Acetyl cysteine

Additional therapies without sufficient data to support their use in this
disease (specific indications only): anti-IgE antibody (Omalizumab),
montelukast, benralizumab (anti-IL5R), mepolizumab (anti-IL5),
nasal steroids, antihistamines, proton pump inhibitors, other
antibiotics, expectorants

Non-pharmacologic therapies

Adequate choice of inhalational delivery device

Activity/exercise

Pulmonary rehabilitation

Nutrition

Oxygen

Non-invasive ventilation (BiPAP, CPAP)

Palliative care

Interventional/surgical approaches

Bullectomy

Lung volume reduction surgery (LVRS)

Bronchoscopic lung volume reduction (BLVR)

Lung transplantation

Liver transplantation (liver disease)

Table 3 Available augmentation replacement therapies for alpha-1 antitrypsin deficiency

Product Manufacturer Country Formulation Dose Dosing
interval

Concentration after
reconstitution

Rate of
infusion

Duration of
infusion

Prolastin C Grifols USA Lyophilized 60 mg/kg Weekly 50 mg/mL 0.08 mL/kg/min 15 min
Prolastin C

liquid
Grifols USA Liquid 60 mg/kg Weekly 50 mg/mL 0.08 mL/kg/min 15 min

Glassia Takeda/Kamada USA/Israel Liquid 60 mg/kg Weekly 20 mg/mL 0.04 mL/kg/min 60–80 min
Aralast Takeda USA Lyophilized 60 mg/kg Weekly 20 mg/mL 0.08 mL/kg/min 40 min
Zemaira CSL Behring USA Lyophilized 60 mg/kg Weekly 50 mg/mL 0.08 mL/kg/min 15 min
Alfalastin Laboratoire français fractionnement

et de Biotechnologies
France Lyophilized 60 mg/kg Weekly 50 mg/mL 4 mL/mn 15 min

Respreeza CSL Behring EU Lyophilized 60 mg/kg Weekly 50 mg/mL 0.08 mL/kg/min 15 min
Trypsone Grifols EU Lyophilized 60 mg/kg Weekly 20 mg/mL 40 min
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with both pathological changes in the lungs and mortality, was
also explored as a clinical end-point [64]. In a randomized
controlled trial, 180 AAT-deficient individuals were random-
ized to receive replacement therapy or placebo [70]. While the
primary composite-outcome measure (total lung capacity +
functional residual capacity) did not reach statistical signifi-
cance, significant reduction in lung density decline rate was
observed at total lung capacity in those receiving augmenta-
tion therapy. This supports the beneficial effect of augmenta-
tion therapy and supports the use of quantitative imaging in
airway disease-focused studies [64]. The effect of augmenta-
tion therapy on acute exacerbations has not been confirmed,
although several smaller studies reported less severe acute
exacerbations [71, 72] and improvement in the qualitative
severity of exacerbations following AAT augmentation [73].
Mortality benefit of AAT therapy has not been confirmed.
Nevertheless, in a select population of patients with FEV1 <
50% predicted, mortality rate was statistically lower in pa-
tients receiving AAT therapy compared to individuals not on
therapy [68].

In 2018, it was estimated that there were over 8000 patients
within the USA on AAT augmentation therapy [74]. Despite
the multiple benefits of augmentation therapy, there are some

downsides associated with it. Augmentation therapy is contra-
indicated in IgA-deficient patients due to the potential of ana-
phylaxis, and its administration carries a (very low) risk of
transmission of bloodborne infections since it represents a
human serum-derived product. Side effects are minor but are
observed at a rate of > 5% of upper respiratory tract infections.
Therapy is also expensive; the annual cost of therapy in the
USA can total a little over $127,000, with the majority of the
cost to insurers driven by physician visits (12.3% of the cost)
and augmentation therapy (66.7% of cost) [75]. Augmentation
therapy can be time-consuming, significantly affecting life-
style due to the need for weekly infusions. It is subject to
possible supply limitations and shortages given its depen-
dence on blood donors. Most importantly, it is approved for
only significantly diseased (moderate or severe COPD) indi-
viduals, thus missing thousands of people in the USA with
various degrees of AAT deficiency or lung disease.

Given the expense and time-consuming nature of in-
travenous augmentation therapy, there has been an in-
creased interest in alternative options for the manage-
ment of AAT deficiency. While this review does not
intend to discuss ongoing clinical trial efforts, a brief
discussion of tested concepts may help understand a
wide variety of promising approaches (Table 4).

Higher doses of intravenous AAT (120 mg/kg) have been
investigated [76] with hope that higher doses may allow for
normalization of AAT levels to be carried over a longer
period of time that could translate into clinical benefit.
Current augmentation regimens are intended to maintain
levels > 11 μM over more than 7 days. However, AAT
levels decrease below the lower limit of normal by day 3
[77]. Attempts to create recombinant AAT have been ongo-
ing for years, and recent studies [78] demonstrate progress
with a hope to prove increased stability and optimal phar-
macokinetics which could improve cost, dosing regimens,
and safety. AAT replacement therapy delivery via nebulizer
has also been investigated [79]. Advantages of this approach
include the need for less product (roughly a quarter of the

Table 4 Investigational therapeutic approaches in AATD management

Investigational therapeutic approaches in AATD management:

Higher intravenous dose of augmentation therapy

Inhalational delivery of AAT augmentation

Recombinant AAT replacement therapy

Inhalational therapies which reduce lung destruction (hyaluronic acid)

Neutrophilic elastase (ELANE) blockade

Gene therapies (intrapleural, intravenous vector delivery)

Small corrector molecules

Stem cell transplant

Silencing deficient gene expression in the liver

Reduction in hepatic accumulation of AAT (carbamazepine)

Fig. 1 Therapeutic approaches in AAT deficiency may evolve alongwith
the development of deeper understanding of the function and roles of
AAT and development of new pharmacotherapies. Long-term goal may
target changing the paradigm of treating only chronically ill individuals
with severe deficiency as currently recommended, to actually correcting

AAT levels both at baseline and in the acute phase of inflammation, in all
AAT-deficient individuals, and exploring the therapeutic benefits of AAT
in acute inflammatory disorders where relative AAT levels may be
suboptimal
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intravenous dose) and lack of need for IV access and infu-
sion setup. Direct intrapleural delivery of both purified hu-
man and recombinant products has also been tested [80].

Other approaches, such as neutrophilic elastase blockade
which aims to establish more optimal protease-antiprotease
balance within the respiratory system [81], gene therapies
[82, 83], or approaches targeting stabilization and clearance
of Z protein [84], have been actively tested. Other studies have
focused more on liver disease in AATD such as RNA silenc-
ing targeting Z-gene expression suppression in order to stabi-
lize liver function decline [85, 86] and help clearance of Z
granules from the liver [87].

Open Questions

Despite significant progress over more than 50 years since
AATDwas first described, it is important to acknowledge that
our current understanding of the roles of AAT beyond its
antagonistic activity toward ELANE remains modest. The
ability to predict disease development in AAT-deficient indi-
viduals is limited, and clear understanding of the clinical rel-
evance of moderate AAT deficiency due to Pi heterozygosity
is less than optimal. Finally, our only approved therapeutic
approach is limited by its availability, expense, risks, and bur-
den on patient’s lifestyle. The full potential of augmentation is
not yet completely understood. In addition, current manage-
ment approaches do not target complete normalization of
AAT levels nor a full correction of protease-antiprotease im-
balance in healthy or diseased states, but rather target increas-
ing levels above a protective threshold only. The research
focused on finding solutions to these limitations will allow
for the scientific progress in the management of this disorder
(Fig. 1), and even allow us to recognize the possible therapeu-
tic potential of AAT supplementation in acute inflammatory
disorders.

Conclusion

Alpha-1 antitrypsin deficiency is the only relatively well-
described hereditary cause of obstructive lung disease, and
one of the most frequent inheritable etiologies of liver failure.
While often considered a rare genetic disease, we argue here
that it is neither rare nor a disease per se, but rather a potential
for a variety of different clinical diseases. Early diagnosis,
adequate preventive measures, and contemporary manage-
ment of the presenting clinical phenotype can significantly
improve clinical outcomes. AAT augmentation therapy al-
lows for better disease control in select patients, while ongo-
ing research efforts are focused on developing new strategies
which aim to allow for AATD to be perceived as a correctable
inherited disorder rather than a fatal disease.
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